Introduction
============

Ischemic heart disease (IHD) is a leading cause of death and disability globally ([@b1-etm-0-0-4537]). IN 2010, \>7.0 million fatalities were caused by IHD worldwide compared with 4.5 million IHD fatalities recorded in 1980 ([@b2-etm-0-0-4537]). Notably, 25.6% of IHD fatalities occurred in patients aged \<65 years old in 2010. Perioperatively, cardiac complications, including myocardial ischemia and infarction, are the primary causes of postoperative morbidity and mortality ([@b3-etm-0-0-4537]). Reperfusion, when initiated early, improves salvage of the myocardium and limits the final infarct size ([@b4-etm-0-0-4537]). However, reperfusion itself is capable of inducing cardiomyocyte death, known as ischemia/reperfusion (I/R) injury, for which there is still no effective therapy ([@b5-etm-0-0-4537],[@b6-etm-0-0-4537]).

Dexmedetomidine, a highly selective α-2 adrenoceptor agonist with sedative, anxiolytic and analgesic effects, has been widely used for anesthesia and in the intensive care unit ([@b7-etm-0-0-4537]). Our previous studies have demonstrated that dexmedetomidine was able to reduce cardiovascular events and mortality in patients undergoing cardiac surgery ([@b8-etm-0-0-4537],[@b9-etm-0-0-4537]). Previous experiments on animals have also demonstrated benefits of dexmedetomidine when administered before ischemia ([@b10-etm-0-0-4537]--[@b12-etm-0-0-4537]); however, its use at reperfusion was reported to increase the myocardial infarct size ([@b13-etm-0-0-4537]). The capacity for dexmedetomidine to protect cardiac tissues against I/R injury requires further investigation.

Currently, the direct effects of dexmedetomidine on cardiomyocytes have yet to be examined. The present study was performed in order to determine the protective effects of dexmedetomidine on primary cultured neonatal rat cardiomyocytes under hypoxic/reoxygenation (H/R) conditions at the cellular level. It was hypothesized that preconditioning, but not postconditioning, with dexmedetomidine would attenuate H/R injury in primary neonatal rat cardiomyocytes.

Materials and methods
=====================

### Reagents and animals

Reagents included dexmedetomidine hydrochloride (SML0956; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany), dimethyl sulfoxide (DMSO; SHBB0919V; Sigma-Aldrich; Merck KGaA), gelatin (48722; Sigma-Aldrich; Merck KGaA), sodium hydrosulfite (Na~2~S~2~O~4~; 80116718; Shanghai Clinical Research Center, Shanghai, China), fetal bovine serum (FBS; 16000-044), trypsin (27250--018), collagenase type II (17101--015), Hanks\' balanced salt solution (14025--076; all Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA), Dulbecco\'s modified Eagle medium (DMEM; SH30022.08) and phosphate-buffered saline (PBS; SH30028.01B; both HyClone; GE Healthcare Life Sciences, Logan, UT, USA). For all solutions, dexmedetomidine hydrochloride was used, as the HCl form has increased solubility.

A total of 80 neonatal specific-pathogen-free Sprague-Dawley rats (1--3 days old; weight, 8±2 g; gender was not determined) were provided by the Experimental Animal Center of Soochow University (Suzhou, China). All animals were treated in accordance with the Guide for the Care and Use of Laboratory Animals published by the United States National Institute of Health ([@b14-etm-0-0-4537]). All rats had free access to food and water (breast-fed by mother rats) and were maintained in conditions with ventilation and a 12-h light/dark cycle. The room temperature was maintained at 22--25°C. All experimental procedures were approved by the Ethics Committee of Experimental Animals of Soochow University.

### Primary cultured neonatal rat cardiomyocyte isolation and culture

Cardiomyocytes were prepared as previously described with some modifications ([@b15-etm-0-0-4537],[@b16-etm-0-0-4537]). Rats were anesthetized by inhalation of 2--3% ether (provided with an anesthesia apparatus; R510; RWD Industrial Co., Ltd., Shenzhen, China) and euthanized by cervical dislocation. Subsequently, the left ventricle was excised under aseptic conditions, attached tissues were removed and residual blood was washed away with PBS. The ventricle was then minced into pieces of \~1 mm^3^ and digested in 0.07% trypsin and 0.05% collagenase II in a 37°C water bath for 10 min. The cells released after the first digestion were discarded and the digestion was repeated four times. The cell supernatants from these four digestions were transferred to 10-ml centrifuge tubes containing DMEM supplemented with 10% FBS. Cell suspensions were centrifuged for 5 min (700 × g) at room temperature, filtered, and finally resuspended in DMEM supplemented with 10% FBS at 37°C.

To reduce contamination by fibroblasts and other cells, cardiomyocytes were purified by the differential wall adhesion method ([@b15-etm-0-0-4537]). Resuspended cells were plated into a T-75 culture flask (BD Biosciences, Franklin Lakes, NJ, USA) and cultured in an incubator with 5% CO~2~ at 37°C for 90 min. Non-adherent cells were extracted and counted with a hemocytometer (Biotechwell, Shanghai, China). Subsequently, the cells in the culture medium were transferred into 96-well gelatin-coated plates at a density of \~1×10^6^ cells/ml. After 96 h at 37°C (5% CO~2~), myocyte cultures were used for subsequent experiments under H/R conditions.

### Cytotoxicity of dexmedetomidine

The plasma concentration of dexmedetomidine clinically used for sedation is \~0.6 ng/ml, and the maximum tolerated concentration is 10--15 ng/ml ([@b16-etm-0-0-4537],[@b17-etm-0-0-4537]). The molecular weight of dexmedetomidine is 200.28, therefore, 10--15 ng/ml is equivalent to 3 to 75 nM \[molar concentration (mol/l)=mass concentration (g/l)/molecular weight\].

After incubation for 40--42 h, the cultured cardiomyocytes were exposed to various concentrations of dexmedetomidine, from 10^−9^-10^−6^ M (3, 10, 20, 40, 80, 200 and 500 nM) and 10^−6^-10^−3^ M (1, 3, 10, 30, 100, 300 and 1,000 µM), respectively, with three replicates per group. DMSO was used as the vehicle with a concentration of 0.1% in all groups. Additionally, cell responses were continuously monitored and recorded for 72 h.

### H/R injury model

An *in vitro* H/R model was established, as previously described ([@b18-etm-0-0-4537]). Na~2~S~2~O~4~ was used to generate hypoxia in the H/R injury model. Na~2~S~2~O~4~ removes oxygen from the culture medium without injuring the cell membranes, and reoxygenation may be achieved by replacing the medium. Primary cultured neonatal rat cardiomyocytes were randomly divided into seven groups, with three replicates per group. Group 1 cells were cultured at 37°C in DMEM supplemented with 10% FBS for 24 h and monitored for the duration. In groups 2--7, the culture media was replaced with serum-free DMEM and the cells were cultured with 1, 2, 3, 4, 5 and 6 mM Na~2~S~2~O~4~, respectively. These cardiomyocytes in group 2--7 were exposed to Na~2~S~2~O~4~ at 37°C with 5% CO~2~ for 1 h, and then the culture media was replaced with DMEM with 10% FBS and the cells were monitored for 24 h.

### Preconditioning and postconditioning with dexmedetomidine

In cultured cardiomyocytes preconditioned with dexmedetomidine, cells were incubated with DMEM with 10% FBS containing 3, 10, 20, 40, 80, 200, 500 or 1,000 nM dexmedetomidine for 2 h at 37°C before hypoxia. The culture medium was replaced with serum-free DMEM containing Na~2~S~2~O~4~ for 1 h at 37°C, after which Na~2~S~2~O~4~ media was replaced with normal DMEM and cells were cultured for a further 24 h at 37°C. In cultured cardiomyocytes postconditioned with dexmedetomidine, the reoxygenation media (DMEM supplemented with 10% FBS) was supplemented with 3, 10, 20, 40, 80 or 200 nM dexmedetomidine. Cells were monitored and recorded for 24 h, and DMSO was used as the vehicle at a final concentration of 0.1% in all groups.

### Real-time cell analyzer (RTCA) assay

The impedance-based RTCA system consisted of a RTCA single plate station, an RTCA computer with integrated software (version 1.1; Roche Applied Science, Mannheim, Germany), and disposable 96-well E-plates of the xCELLigence system (Cardio Plate 96; ACEA Biosciences, San Diego, CA, USA). The RTCA single plate station fits inside a standard tissue-culture incubator. The cells were seeded onto the E-plates at a density of \~1×10^6^ cells/ml, and the electronic impedance was measured continuously to allow monitoring of cellular attachment and growth on the electrodes ([@b19-etm-0-0-4537]--[@b26-etm-0-0-4537]). In brief, the Cardio Plate 96 is a microtiter plate, which is integrated with gold microelectrodes in the bottom of each well. The impedance signal is generated by the application of low-voltage signal, creating a current between the electrodes. The interaction of cells with the electrodes impedes the current and generates the impedance signal (Z value), which is proportional to the number and the morphologic and adhesive characteristics of cells, as demonstrated in [Fig. 1](#f1-etm-0-0-4537){ref-type="fig"}. Changes in rat neonatal primary cardiomyocytes were detected using methods previously described ([@b21-etm-0-0-4537]).

The RTCA system measures the impedance of cardiomyocytes and transforms the values to cell index (CI) values to reflect the changes in beating activity. Normalized cell index (NCI) was used in the analysis to represent baseline cell activity. The NCI was calculated as the ratio of the CI value at a given time-point to the initial CI value at the time of exposure.

### Dose-effect curve and 50% effective dose (ED~50~) calculation

The dexmedetomidine doses were transformed into logarithmic dose values and non-linear fit analysis was performed to generate dose-response curves. The model used in the present study was the following: Y=Bottom+(Top-Bottom)/\[1+10^(LogEC50-X)^\*HillSlope\], where the HillSlope describes the steepness of the family of curves.

An NCI of 0--100% was used in the y-axis of the dose-effect curve. Based on the dose-response curve, the ED~50~ of dexmedetomidine on the NCI was calculated. Furthermore, the reliability of the ED~50~ calculated from a specific dose-effect curve was evaluated by the slope factor.

### Statistical analysis

The area under the time-course curves (AUCs) was used to measure the cumulative effects of Na~2~S~2~O~4~ and dexmedetomidine. Data were expressed as the mean ± standard error of the mean, and one-way analysis of variance with Dunnett\'s post hoc test was performed using SPSS v. 19.0 statistical software (IBM SPSS, Armonk, NY, USA). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Cytotoxicity of dexmedetomidine

Incubation with 3--500 nM dexmedetomidine did not significantly alter the NCI ([Fig. 2A-C](#f2-etm-0-0-4537){ref-type="fig"}), indicating that dexmedetomidine was not cytotoxic to cultured cardiomyocytes when used at clinically relevant concentrations. NCI decreased significantly at dexmedetomidine concentrations ≥30 µM compared with DMSO (P\<0.01; [Fig. 2D-F](#f2-etm-0-0-4537){ref-type="fig"}).

### Effect of Na~2~S~2~O~4~ on cardiomyocytes

As demonstrated in [Fig. 3](#f3-etm-0-0-4537){ref-type="fig"}, the NCI of primary cultured neonatal rat cardiomyocytes markedly decreased following exposure to Na~2~S~2~O~4~. The AUCs created by all concentrations of Na~2~S~2~O~4~ were significantly lower than the control (P\<0.01) and cells incubated with a Na~2~S~2~O~4~ concentration of 4 mM gave the significantly lowest AUC compared to all other groups (P\<0.01). As the most significant reduction in AUC for the time-course of NCI was observed in cells incubated with 4 mM Na~2~S~2~O~4~, this concentration was selected for subsequent experiments.

### Effects of dexmedetomidine on cardiomyocytes under H/R injury

As demonstrated in [Fig. 4A-C](#f4-etm-0-0-4537){ref-type="fig"}, preconditioning with dexmedetomidine for 2 h before hypoxia ameliorated reductions in NCI in primary neonatal rat cardiomyocytes exposed to H/R injury. Dexmedetomidine significantly increased the AUC of NCI during the 24 h cultivation, in a concentration-dependent manner (0--10 vs. 20--40 vs. 80--1,000 nM; all P\<0.01; [Fig. 4C](#f4-etm-0-0-4537){ref-type="fig"}). The effects of different concentrations of dexmedetomidine on the NCI were calculated from the dose vs. response curve ([Fig. 4D](#f4-etm-0-0-4537){ref-type="fig"}) based on the log (dose) vs. response curve ([Fig. 4E](#f4-etm-0-0-4537){ref-type="fig"}). The ED~50~ of the protective effect of dexmedetomidine on the NCI was calculated to be 40.19 nM.

Dexmedetomidine postconditioning also ameliorated reductions in NCI at all concentrations ([Fig. 5A-C](#f5-etm-0-0-4537){ref-type="fig"}). The AUCs were significantly higher in the dexmedetomidine groups than in the hypoxia (DMSO) group (P\<0.01), and the effect did not differ significantly between dexmedetomidine concentrations. The dose-effect curves are shown in [Fig. 5D and E](#f5-etm-0-0-4537){ref-type="fig"}, but the exact ED~50~ cannot be retrieved. Additionally, 3, 10, 20, and 40 nM dexmedetomidine postconditioning resulted in significantly higher AUCs compared with preconditioning at the same concentration (all P\<0.01; [Fig. 6](#f6-etm-0-0-4537){ref-type="fig"}). All these results indicated that further studies are required to explore the effects of dexmedetomidine postconditioning on primary cultured neonatal rat cardiomyocytes.

Discussion
==========

The present study demonstrated that preconditioning with dexmedetomidine ameliorated H/R injury-induced reductions in NCI in primary cultured neonatal rat cardiomyocytes, in a concentration-dependent manner. When applied during reoxygenation, however, dexmedetomidine ameliorated reductions in NCI independent of its concentration. Consistent with this, higher AUCs were observed in cells postconditioned with 3--40 nM dexmedetomidine than those preconditioned with equivalent dexmedetomidine concentrations.

The present study utilized rat neonatal cardiomyocytes instead of adult cells for the following reasons: The phenotype of cultured neonatal cardiomyocytes is stable, and their contractile profile during H/R is comparable with that of *in situ* hearts during I/R, whereas the phenotype of isolated adult cardiomyocytes is quite different from that of *in situ* hearts, in part due to the loss of connections among myocytes ([@b27-etm-0-0-4537]). Neonatal cells form a continuous sheet, whereas adult cells are discontinuous. Furthermore, cultured neonatal rat cardiomyocytes have been demonstrated to be useful for analyzing states of oxygen- and volume-restriction, conditions that are known to stimulate anoxia and ischemia at the cellular level ([@b28-etm-0-0-4537]). The limitation of using neonatal cells is that they do not fully recapitulate the adult cell type, and future studies using an *in vivo* model are required to build on the observations of the present report.

Hypoxia was induced using a chemical oxygen scavenger, and therefore possible side effects of Na~2~S~2~O~4~ need to be considered. In previous studies, hydrosulfite was demonstrated to not be equivalent to authentic hypoxia because of little similarity to hypoxic vasoconstriction ([@b29-etm-0-0-4537],[@b30-etm-0-0-4537]). Although hypoxic ventilation and hydrosulfite both lower PO~2~, only hydrosulfite generates activated oxygen species, increases lung weight, and impairs vascular responsiveness to vasoconstrictors ([@b29-etm-0-0-4537],[@b30-etm-0-0-4537]). According to previous research, Na~2~S~2~O~4~ may still be a useful agent for inducing hypoxia in various types of cell models, including primary neonatal rat cardiomyocytes ([@b18-etm-0-0-4537],[@b31-etm-0-0-4537]--[@b33-etm-0-0-4537]).

The RTCA is a novel technique for continuous monitoring of cell adherence, proliferation, migration and cytotoxicity ([@b21-etm-0-0-4537]). This technology allows for uninterrupted, label free, real-time analysis of the cells over the entire course of the experiment, which provides a dynamic and sensitive assessment beyond the scope of single time-point assays ([@b22-etm-0-0-4537]). A number of studies have demonstrated that this system is a valid method for analyzing the effects of compound cytotoxicity, and measuring cell death of various cell types, including primary cultured neonatal rat cardiomyocytes ([@b19-etm-0-0-4537]--[@b26-etm-0-0-4537]).

The advantages of the RTCA technology include its capacity for noninvasive measurements that do not require cellular labeling or overexpression of reporter proteins, and no or minimal intervention in cell physiology. Additionally, its real-time sensitive cell-monitoring platform allows for real-time kinetic evaluation and is easy to set up. The RTCA technology may be used for pharmacology and toxicology studies with a reasonable throughput ([@b22-etm-0-0-4537],[@b24-etm-0-0-4537]), and, therefore, represents a powerful and reliable tool for drug discovery ([@b34-etm-0-0-4537]).

Generally, the cytotoxicity of the experimental drug is evaluated prior to analyzing its effect on cell physiology. Thus, the cytotoxicity of dexmedetomidine was determined before investigating its capacity to protect cardiomyocytes following H/R injury. In the present study, a clinically relevant concentration range of dexmedetomidine was observed to not have significant adverse effects on cardiomyocyte viability.

Previous studies have reported that systemic administration of α-2 adrenergic agonists, clonidine or dexmedetomidine, were able to provide myocardial protection *in vivo* by attenuating the catecholamine response to ischemic stress ([@b35-etm-0-0-4537]--[@b37-etm-0-0-4537]) and improving the myocardial oxygen balance ([@b38-etm-0-0-4537],[@b39-etm-0-0-4537]). Despite these benefits, the direct effects of α-2 adrenergic agonists on the coronary vasculature are controversial. Some studies have indicated that α-2 adrenergic coronary vasoconstriction exerts favorable effects on the ischemic myocardium, preventing transmural redistribution of blood flow away from the endocardium and improving the subendocardial to subepicardial blood flow ratio ([@b40-etm-0-0-4537],[@b41-etm-0-0-4537]). Other studies have demonstrated that the activation of coronary vascular α-2 adrenergic receptors induced post-stenotic coronary vasoconstriction and myocardial ischemia ([@b42-etm-0-0-4537]). However, the direct effects of dexmedetomidine on cardiomyocytes have not been determined.

To the best of our knowledge, the present study is the first to demonstrate the protective effects of dexmedetomidine on H/R injury in a neonatal rat cardiomyocyte model. As expected, preconditioning with dexmedetomidine significantly ameliorated the loss of viability resulting from H/R injury in a concentration-dependent manner, with no observed cardiomyocyte toxicity. The *in vitro* H/R model used in the present study excluded local *in vivo* cardiac and central sympathetic effects, thus revealing the direct and specific effects of dexmedetomidine on cardiomyocytes. Furthermore, the present study simulated plasma concentrations of dexmedetomidine that are frequently used clinically for sedation, and it was demonstrated that the cell number and activity was better preserved by higher concentrations of dexmedetomidine. This observation suggested that dexmedetomidine preconditioning with higher concentrations may achieve greater protection against H/R injury of cardiomyocytes.

Cardioprotective therapy following reperfusion is more clinically feasible than preconditioning, as the onset of reperfusion is predictable and is under the control of the clinicians. However, previous studies have reported that administration of dexmedetomidine after reperfusion did not exert a direct protective effect on left ventricular dysfunction, and even increased myocardial infarct size in isolated rat hearts ([@b13-etm-0-0-4537],[@b43-etm-0-0-4537]). Contrary to our secondary hypothesis, the results of the present study indicated that postconditioning with dexmedetomidine was also able to attenuate H/R injury of cardiomyocytes. Notably, dexmedetomidine applied shortly after the onset of reoxygenation improved cell survival even more effectively than when applied before hypoxia. There are two possible explanations for this observation: i) Preconditioning was applied 2 h before hypoxia, whereas postconditioning was initiated at the time of reoxygenation and therefore, the timing of dexmedetomidine administration may have caused different dose-effects on the cardiomyocytes; and ii) the culture medium containing dexmedetomidine was replaced with media containing Na~2~S~2~O~4~ during preconditioning, which may affect the protective effects of dexmedetomidine on the cultured cardiomyocytes. As the predominant conclusion of the present study is that dexmedetomidine attenuates H/R injury under both preconditioning and postconditioning, a future direction from here is to determine the lowest efficacious concentration.

The conclusions of the present study are limited by its scope. Firstly, an *in vitro* experimental H/R model was used to simulate I/R injury, and condition-dependent differences may exist between models. Secondly, rat neonatal cardiomyocytes were used instead of adult cardiomyocytes, and the physiological benefits of dexmedetomidine will need to be investigated using adult rat or human cells to more accurately reflect the clinical application of dexmedetomidine. Furthermore, investigation into the precise mechanisms responsible for the cardioprotective effects of dexmedetomidine is now in progress. In summary, the present study is a preliminary investigation that was performed to determine the effects of preconditioning and postconditioning with dexmedetomidine on cardiomyocyte protection against H/R injury at the cellular level, as measured by improved cell physiology assays.
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![(A) Principle of impedance readout. The impedance signal is displayed as an arbitrary unit referred to as the cell index, which is a ratio of the change in impedance to background impedance. (B) The detection of cardiomyocyte beating signal is based on the rhythmic changes of cell attachment and morphology due to contraction and relaxation, which modulates the impedance signal accordingly. Due to the fast data acquisition rate of this system, the beating of cardiomyocytes may be recorded and resolved with high temporal resolution. This figure was adapted from the study by Xi *et al* ([@b21-etm-0-0-4537]).](etm-14-01-0689-g00){#f1-etm-0-0-4537}

![(A) Normalized cell index, (B) AUC calculations and (C) beating activity of neonatal rat cardiomyocytes after administration of 3--500 nM of dexmedetomidine. (D) Normalized cell index, (E) AUCs and (F) beating activity of neonatal rat cardiomyocytes after administration of 1--1,000 µM of dexmedetomidine. AUCs are presented as the mean ± standard error of the mean. \*P\<0.01 vs. DMSO. DMSO, dimethyl sulfoxide; AUC, area under the time-course curve; RTCA, real-time cell analyzer.](etm-14-01-0689-g01){#f2-etm-0-0-4537}

![(A) Normalized cell index and (B) AUC calculations of neonatal rat cardiomyocytes after exposure to sodium hydrosulfite. Data are presented as the mean ± standard error of the mean. \*P\<0.01 vs. Control; ^\#^P\<0.01 vs. all other groups. Control, normal media group without sodium hydrosulfite; AUC, area under the time-course curve.](etm-14-01-0689-g02){#f3-etm-0-0-4537}

![(A) Normalized cell index and (B) beating activity of primary cultured neonatal rat cardiomyocytes treated with dexmedetomidine 2 h before hypoxia (preconditioning). (C) AUC graphs for different groups were calculated to perform statistical analysis. (D) Dose-effect and (E) log (dose) -effect curves. Data are presented as the mean ± standard error of the mean. \*P\<0.01 vs. DMSO group (0 nM dexmedetomidine); ^\#^P\<0.01 vs. 20 and 40 nM dexmedetomidine group; \*\*P\<0.01 vs. all other groups. Control, normal media group without Na~2~S~2~O~4~; DMSO, dimethyl sulfoxide; AUC, area under the time-course curve; ED~50~, 50% effective dose.](etm-14-01-0689-g03){#f4-etm-0-0-4537}

![(A) Normalized cell index and (B) beating activity of primary cultured neonatal rat cardiomyocytes treated with dexmedetomidine at reoxygenation (postconditioning). (C) AUC graphs for different groups were calculated to perform statistical analysis. (D) Dose-effect and (E) log (dose)-effect curves. Data are presented as the mean ± standard error of the mean. \*P\<0.01 vs. control; ^\#^P\<0.01 vs. DMSO (0 nM dexmedetomidine). Control, normal media group without Na~2~S~2~O~4~; DMSO, dimethyl sulfoxide; AUC, area under the time-course curve; ED~50~, 50% effective dose.](etm-14-01-0689-g04){#f5-etm-0-0-4537}

![AUC calculations of neonatal rat cardiomyocytes after preconditioning and postconditioning administration of 3--40 nM of dexmedetomidine, respectively. Data are presented as the mean ± standard error of the mean. \*P\<0.01. AUC, area under the time-course curve.](etm-14-01-0689-g05){#f6-etm-0-0-4537}
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